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Multi-User Correlation and Sum-Rate in Outdoor
Measured Massive MIMO Channels
Anders Karstensen, Jesper Ø. Nielsen, Patrick C. F Eggers, Elisabeth De Carvalho, Gert F. Pedersen,
Martin Alm, Gerhard Steinböck
Abstract—This paper analyses the impact of inter-user distance
and angular separation on the channel correlation and achievable
sum-rate for a massive multiple-input multiple-output system
in non line of sight conditions. The investigation is based on
outdoor measurements on a channel sounding system capturing
the dynamic channel of two user arrays. The paper analyses
correlation and sum-rate with varying inter-user distance and
angular separation of dominant beams towards the users. A
large span of correlation and sum-rate values are found across
the range of distances and angular separation. The investigation
shows a moderate link between inter-user distance and correla-
tion, but a strong impact on correlation is found only for low
angular separation of the users. The results of this non line
of sight (NLOS) scenario suggest that a distance based criteria
alone is not sufficient to accurately model shared clusters and
correlation.
Index Terms—Massive-MIMO, multi-user consistency, mea-
sured channels, sum-rate.
I. INTRODUCTION
MASSIVE MIMO (Multiple-Input Multiple-Output) havein the recent years gained a lot of traction as the
technology has a large potential for significant increase in
throughput and energy efficiency [1] [2] [3]. Massive MIMO
systems are expected to consist of base station arrays with
tens or hundreds of antenna elements to serve multiple users
in the same time and frequency resources [4]. With a large
enough number of antennas, the channels towards separate
users become increasingly orthogonal, known as favourable
propagation [5]. The potential capacity gain of massive MIMO
has been observed in both theory and by experiments, but
measurements also displays propagation characteristics like
non-stationarity, spatial correlation and inter-user correlation
that can limit the performance of massive MIMO [6] [7]
[8]. When the user channels become correlated, orthogonality
and favourable propagation no longer holds, and can reduce
channel capacity [9] [10]. If these characteristics are not
accurately implemented in channel models used in massive
MIMO with multiple users, the simulated capacity could be
overly optimistic. Specifically, a distance criteria is often
assumed and used to implement the number of shared clusters
like in the Quadriga extension [11] or more indirectly by the
visibility regions in COST2100 [12].
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This paper will analyse a set of measurements dominantly
in NLOS conditions to investigate the impact of inter-user
distance and angular separation of users on the user channel
correlation as well as on the sum-rate capacity using the
maximum ratio transmission and zero-forcing precoders.
II. MEASUREMENTS
An outdoor measurement campaign was designed around
the Aalborg University Campus at Frederik Bajers Vej in
Aalborg, Denmark. The area consists of multiple two story
buildings with roads, paths and some smaller green areas
in between them. A map of the area is depicted in Fig. 1,
with the location of the base station (BS) in yellow, and the
measurement tracks of the mobile stations (MS) 1 and 2 in blue
and red respectively. Tracks were measured simultaneously
in pairs with MS1 and MS2 namely A1 and A2, B1 and
B2, C1 and C2 as well as D1 and D2. MS1 did multiple
measurements that back to back construct the long tracks,
while MS2 repeated the same short track until MS1 completed
the longer track.
At the end of the area is a taller building with a balcony on
the fourth floor where the BS array was located. The two MS
arrays where moving simultaneously on the ground in between
the two story buildings. Except for the very beginning (left) of
A1 track in Fig. 1, there was no line of sight (LOS) between
the base station and mobile stations. The distance from the BS
to the centre of the open square/park is about 90 metres.
Fig. 1. Map of the measurement area, with location of BS and MS tracks
for users 1 and 2 in blue and red respectively. Aerial photo by Agency for
Datasupply and efficiency, October 2019 [13]. On the right is a photo of one
of the two circular MS arrays.
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A. Array configurations
The massive Rx array is configured as two stacked uniform
linear arrays (ULAs) of 64 Vivaldi elements [14] each. The
array is grouped into 8 modules of 16 elements due to the fast
switching structure, which is detailed in Sec. II-B. Element
separation is 5 cm, or 0.58 λ at 3.5 GHz, which makes each
ULA 3.2 m wide. The in-array measured half power beam-
width of the Vivaldi elements are 99.5◦ and 34.5◦ in azimuth
and elevation respectively. The array centre was about 16.1 m
above ground level. A photo of the stacked BS array in this
configuration can be found in [15], Fig. 2.
The two identical Tx arrays are both configured as uniform
circular arrays (UCAs) with 8 patch elements each. Each
element has a measured half power beamwidth of 75◦ in
azimuth and 55◦ in elevation. The array was designed with
an element separation of 0.46 λ to allow phased processing.
The two arrays were mounted on two identical trolleys to be
pushed by a person during measurements, one MS array is
depicted in Fig. 1 (right). The array centres were at a height
of 167 cm above the ground.
B. Mesurement equipment
The measurement campaign was using the correlation based
AAU channel sounder [15]. A bandwidth of 100 MHz was
measured around the carrier frequency of 3.5 GHz. The
sounder has 8 fully parallel receivers (BS) and 16 fully parallel
transmitters (8 on each of the two MS). The 8 receive channels
are each connected to a 1:16 switch such that a total of 128
elements can be measured semi-simultaneously. With the fast
switching, a snapshot of the full 128 × 16 MIMO channel is
recorded in 1.31 ms. Measurements are recorded in 15 second
blocks where 900 snapshots are recorded at a rate of 60 Hz,
enough to support Nyquist sampling rate at walking speed for
both user arrays.
C. Measured data points
A total of 21 measurements of 15 seconds and 900 snapshots
each, have been analysed for correlation, directional overlap
from BS, and the inter-user distance as well as sum-rate
capacity. The 21 measurements of T = 900 snapshots each,
provides 18900 pairs of user locations across the measurement
area. The two users’ start and stop positions of each 15
second measurement are known with centimetre accuracy. The
positions in between start and stop are interpolated assuming
a constant walking speed during the 15 seconds.
III. DATA ANALYSIS
The eight elements at each user array are summed to em-
ulate K = 2 omnidirectional user terminals, and a module of
M = 16 base station elements are used such that the number
of users to BS elements ratio is 1:8. Before analysis the
channels are normalized to the average power over snapshots
and elements of the array to maintain the difference among
elements and users:
hk(t) =
hrawk (t)
√
MKT√
T∑
t=1
K∑
k=1
||hrawk (t)||2
(1)
where hk(t) ∈ CM×1 is the channel vector of M base
station antennas towards the kth user at snapshot t.
1) User channel correlation: The correlation between the
two users is measured by the normalized scalar product:
ρij =
∑
t
|h∗i (t)hj(t)|√∑
t1
||hi(t1)||2 ·
√∑
t2
||hj(t2)||2
(2)
where ()∗ denotes the complex conjugate transpose and i
and j denotes user 1 and 2 respectively. Equation 2 is used
for single snapshot case, as well as averaging over multiple
snapshots.
2) Main beam separation: Narrowband beam scanning is
performed at the base station array to determine the direction
of the strongest beam/direction for each user. The angular
difference between the two main beams (MB∆) is calculated
as:
MB∆ = |MBMS1 −MBMS2| (3)
The main beam is the direction of arrival (DOA) with
maximum power from the base station side using narrowband
beam scanning towards each user by the Bartlett beamformer
[16]: DOA(θ) = a∗(θ)R̂a(θ)
where a(θ) is the measured complex vector of array element
gains in the direction θ and R̂ is the estimated covariance
matrix:
R̂ =
1
T
T∑
t=1
h∗k(t)hk(t) (4)
A. Precoding
Maximum ratio transmission (MRT) and zero forcing (ZF)
precoders [17] are used to evaluate the sum-rate capacity for
the two users. MRT, similar to matched filter, maximises power
for each user but does not consider interference. ZF attempts
to cancel interference from other users, and will outperform
MRT in highly correlated channels.
Both precoders utilizes the actual channel, and perfect
channel state information (CSI) is assumed. The SNR is kept
at 10 dB for all sum-rate calculations. For power allocation,
the water filling algorithm is applied, which is optimal for ZF
and sub-optimal for MRT [18]. Power allocation is carried out
with the code provided by Björnson et al [19]. Ageing CSI,
and different SNR ranges can impact the precoders differently
[17] [20], but this is out of the scope of this investigation.
In case of averaged results, the mean of N single snapshot
sum-rates are used.
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IV. RESULTS
The inter-user distance is measured by a single straight
line between the two users. The correlation values are plotted
against the inter-user distances in Fig. 2 along with the
mean and the 10 and 90 percentile values in black and blue
respectively. This figure and the following figures contain the
results of all measurement tracks, the 18900 pairs of user
locations. The mean and percentiles are calculated based on 1
m wide bins of the raw data points. The mean correlation
has some local variations, but the larger trend is a slowly
decreasing correlation with increasing inter-user distance. A
simple linear fit on the data points indicate a correlation
reduction of 0.0064 per meter increase in user distance. There
is however a large span of correlation values compared to the
mean. The difference between the 10 and 90th percentile is on
average 0.35, but the gap decreases with increasing distance
similar to the mean correlation.
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Fig. 2. Inter-user distance vs correlation. Instantaneous samples and mean
and 10/90 percentile lines.
The correlation values are plotted against the MB∆ in Fig.
3. There is a strong link between beam separation and mean
correlation for MB∆ below about 15◦ and a weaker link for
higher angular separation. The mean correlation drops from
0.6 to about 0.25 in the first 15◦, and only drops down to about
0.15 in the remaining region (excluding the sparse samples
around 80◦). The beamforming beam-width of the 16 element
array is about 8◦. The equivalent figure for a 64 element array
with much narrower beam, produces a very similar trend of
the mean correlation with strong decrease until about 15◦.
The correlation values are plotted against the sum-rates of
the ZF and MRT precoders in Fig. 4. Both the correlation
and sum-rate in this figure is based on 18 snapshot averages
(approximately 2 λ user movement). The MRT precoder shows
a very clear link to the channel correlation to achieve a certain
sum-rate while the mean sum-rate of the ZF precoder is
generally much less dependant on the correlation values.
MRT sum-rates are plotted against inter-user distance in
Fig. 5. The mean sum-rate is very similar but inverted shape
compared with the mean correlation in Fig. 2. These are
similar as the sum-rates and correlation have the very strong
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Fig. 3. Angular separation of main beam vs correlation.
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Fig. 4. Precoding sum-rates vs correlation for 18 snapshot averaging (ap-
proximately 2 λ movement).
link and small variations from Fig. 4. The mean sum-rates
have some local variations, but the larger trend is an increase
in sum-rates with increase in inter-user distances. A linear
fit indicates 0.081 increase in sum-rate per meter. Due to
the curved relation between correlation and MRT sum-rate in
Fig. 4, the difference between the percentile curves is more
constant in Fig. 5 compared to Fig. 2.
MRT sum-rates are plotted against MB∆ in Fig. 6, and
again the strong link between MRT sum-rates and correlation
is obvious when comparing the mean sum-rate and correlation
between figures 3 and 6. The sum-rate vs inter-user distance
for the ZF precoder is shown in Fig. 7 where the trend for
mean sum-rate is almost flat across inter-user distances, with
a 0.0031 increase in sum-rate per meter. This is not unexpexted
when considering the low dependency between correlation and
sum-rate for ZF shown in Fig. 4.
The correlation, MB∆ (beam scanning) and sum-rates
where also calculated based on more snapshots to test if there
was any major differences or small scale fading impacting
the results. Averages over 9, 18 and 27 snapshots where used
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Fig. 5. Inter-user distance vs MRT sum-rate.
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Fig. 6. Main beam directional separation vs MRT sum-rates.
which corresponds to approximately 1, 2 and 3 wavelengths
of movement. The averaged results shows correlation and
sum-rates are more compressed as the highest and lowest
values disappear with higher averaging. The shape of the point
”clouds” stay similar and the mean is very similar for all
averaging levels, with just minor deviations around the single
snapshot mean shown in the paper.
In Fig. 8 the inter-user distance is plotted against the MB∆.
The plot appears to have two distinctly different regions, where
the first 35 meters of inter-user distance is very different from
the remaining part of the plot. This two part plot is likely
caused by the geometry of the measurement area and the
location of the measurement tracks. The most dramatic drop
in MRT sum-rate was seen for the MB∆ below about 15◦, and
this range of low angular separation can be observed across
a large range of inter-user distances in Fig. 8. This indicates
that the MB∆ and the user distance is not strongly linked.
V. CONCLUSION
For a NLOS scenario with relatively close distance from
users to base station, correlation and sum-rate capcity was
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Fig. 7. Inter-user distance vs ZF sum-rates.
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Fig. 8. Inter-user distance vs Main beam directional separation.
compared to distance and angular separation of users for MRT
and ZF precoding. The mean correlation is found to be directly
linked to inter-user distance and main beam separation. The
link to distance is relatively slow at a rate of 0.0064 per meter.
The MB∆ impacts the correlation heavily by a 0.35 change
in correlation from 0 to 15◦, and minor change of 0.1 for the
range of 15 to about 75◦. The number of BS elements to user
ratio of 8:1 is sufficient for ZF to not be heavily impacted by
correlation or distances, while the MRT precoder is directly
impacted by the correlation. The correlation is consistently
but slowly changing with inter-user distance, but is heavily
impacted by low angular separation of main beams. These
results in NLOS scenario suggest that a distance criteria alone
is not sufficient to accurately model the level of correlation or
cluster sharing in channel models.
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